A monoclonal antibody, 4D7, obtained with embryonic rat brain as an immunogen, recognizes an epitope on 3 protein species of 150-160,100-110, and 80 kDa, present in mouse and rat brain during the fetal period. Vital immunostaining of dissociated cultures of fetal forebrain indicates that the antigen is localized largely on the external plasma membrane of a subpopulation of neurites. Immunocytochemistry reveals that the distribution of the antigen in viva is restricted to the nervous system. Immunoreactivity is concentrated primarily in the pathways of a limited set of CNS and PNS axon systems during early stages of their development, as delineated by staining with the neurofilament antibody, C2. Depending on the particular axon system, immunoreactivity with 4D7 persists only for one to several days of prenatal or perinatal development. In the spinal cord, stage-specific-neurite-associated proteins (SNAP) expression occurs first along motor axon pathways on embryonic day (E) 10 and then within the nerve trunks of dorsal root ganglia and the commissural fiber system on Ell. Immunoreactivity is detectable among most cranial nerves starting in the interval from El1 to E13. Within the brain, the onset of SNAP expression within several discrete axon tracts occurs in the interval E14-16, including the lateral olfactory tract, anterior commissure, corpus callosum, fasciculus retroflexus, and fornix. Immunoreactivity within the embryonic intermediate zones of some structures matches the location of certain other axon systems. Sites of 4D7 staining which do not correspond to the location of axon populations include the internal portion of the external granular layer of the postnatal cerebellum and the cortex of the reeler mutant mouse. The predominant localization of the 4D7 antigen among axon systems and its precisely regulated spatiotemporal pattern of expression are consistent with the possibility that the SNAP antigens play a significant role in the early stages of growth of axonal tracts in viva.
A monoclonal antibody, 4D7, obtained with embryonic rat brain as an immunogen, recognizes an epitope on 3 protein species of 150-160,100-110, and 80 kDa, present in mouse and rat brain during the fetal period. Vital immunostaining of dissociated cultures of fetal forebrain indicates that the antigen is localized largely on the external plasma membrane of a subpopulation of neurites. Immunocytochemistry reveals that the distribution of the antigen in viva is restricted to the nervous system. Immunoreactivity is concentrated primarily in the pathways of a limited set of CNS and PNS axon systems during early stages of their development, as delineated by staining with the neurofilament antibody, C2. Depending on the particular axon system, immunoreactivity with 4D7 persists only for one to several days of prenatal or perinatal development. In the spinal cord, stage-specific-neurite-associated proteins (SNAP) expression occurs first along motor axon pathways on embryonic day (E) 10 and then within the nerve trunks of dorsal root ganglia and the commissural fiber system on Ell. Immunoreactivity is detectable among most cranial nerves starting in the interval from El1 to E13. Within the brain, the onset of SNAP expression within several discrete axon tracts occurs in the interval E14-16, including the lateral olfactory tract, anterior commissure, corpus callosum, fasciculus retroflexus, and fornix. Immunoreactivity within the embryonic intermediate zones of some structures matches the location of certain other axon systems. Sites of 4D7 staining which do not correspond to the location of axon populations include the internal portion of the external granular layer of the postnatal cerebellum and the cortex of the reeler mutant mouse. The predominant localization of the 4D7 antigen among axon systems and its precisely regulated spatiotemporal pattern of expression are consistent with the possibility that the SNAP antigens play a significant role in the early stages of growth of axonal tracts in viva.
In the last decade, intensive research efforts have been directed towards finding molecules that are involved in regulating axonal growth. One major approach has been to look for substances present in conditioned media of cultured cells or in tissue extracts that promote neurite outgrowth from dissociated or explanted neuronal cells in vitro. In addition to NGF, a number of protein species responsible for such effects are currently under investigation (Berg, 1984; Thoenen and Edgar, 1985) . Some of the identified neurite-promoting factors correspond to known components of extracellular matrices, including the glycoprotein laminin and fibronectin, heparin sulfate proteoglycans, and diverse species of gangliosides (Byrne et al., 1983; Carbonetto, 1984) .
An alternative approach is to generate antibodies that reveal the stage-dependent expression of antigens associated with growing axons. Several studies have described such axon-associated antigens in developing invertebrate (Goodman et al., 1984; McKay et al., 1984) and vertebrate species (Cole and Glaser, 1984; Ellis et al., 1985; Fujita and Obata, 1984; HenkeFahle and Bonhoeffer, 1983; Hockfield and McKay, 1985; Rosner et al., 1985; Rutishauser et al., 1978; Stallcup et al., 1985; Tanaka and Obata, 1984; Thiery et al., 1985) . Moreover, antibodies to some of these antigens applied to in vitro or in vivo systems have been shown to block or perturb the pattern of axonal growth (Fischer et al., 1986; Henke-Fahle and Bonhoeffer, 1983; Rutishauser et al., 1978; Silver and Rutishauser, 1984; Stallcup and Beasley, 1985a; Thanos et al., 1984) . In the present study, we present evidence that the monoclonal antibody, 4D7, recognizes protein species that are expressed transiently in association with a restricted set of axon systems in the murine CNS and PNS during fetal and early postnatal periods. These heretofore undescribed antigens, termed the stagespecific neurite-associated proteins (SNAP), are good candidates for regulators of axonal outgrowth in vivo.
Some of the results in the present paper have previously been presented in abstract form (Edwards and Yamamoto, 1985; Yamamoto et al., 1985) .
Production of monoclonal antibodies 407 and C2
BALB/c mice were injected intravenously 3-4 times at 2 week intervals with a living cell suspension prepared from the cerebra of El 5-17 rat embryos. Polyinosilic and polycytidilic acid (2&30 pdinjection) were used as an adiuvant. Three to 4 days following the final injection, the mice were sac-&iced, and spleen cells were then fused with NS-1 myeloma cells bv the method of Kijhler and Milstein ( 1975) . The 407 antibodv was selected by immunocytochemical screening of hybridoma supernatants on cryostat sections obtained from the forebrain of fresh-frozen embryonic mice. The 4D7 antibody was found to be of the IgM subclass by using subclass specific secondary antibody (Boehringer-Mannheim). The C2 antibody was generated similarly using a membrane preparation from embryonic chick spinal cord as the immunogen (Tanaka and Obata, 1984) . According to a solid-phase binding assay, this antibody recognizes a constituent of neurofilaments extracted from adult mouse and rat brains (M. Yamamoto, H. Tanaka, and J. N. Wood, unpublished observations) .
Antigen characterization Protein analysis
The brains and spinal cords of C3B6 mice and Sprague-Dawley rats were dissected from developing or adult animals and homogenized in 50 mM Tris buffer (pH 6.7) containing 1% Triton Xl00 and 0.34 M sucrose at 0°C both in the presence and absence of protease inhibitors (5 mM EGTA, 1 mM PMSF, 0.1% Aprotinin, 25 NM leupeptin). After centrifugation at 5000 rpm in a bench-top centrifuge, the supematant was separated by SDS gel electrophoresis. Polypeptides were then transferred from the gel to nitrocellulose paper by the method of Towbin et al. (1979) . The blots were then incubated for 30 min in PBS, pH 7.4, containing 10% normal goat serum (NGS), washed briefly with PBS containing 1% NGS (NGS-PBS), and then either incubated overnight at 4°C or for 2-3 hr at room temperature with 4D7 supematant. Subsequently, the paper was washed with NGS-PBS (3 x 10 min), incubated for 2 hr at room temperature with anti-mouse IgM (1: 1000 in PBS), washed with PBS (3 x 10 min), and reacted with 0.05% 3,3'-diaminobenzidine-tetrahvdrochloride (DAB. Tovobo) and 0.002% H,O,. As controls, incubation of the nitrocellulose paper with 4D7 antibody was replaced by incubation with either PBS containing 1% NGS or with a mouse IgM supematant that reacts only with embryonic myoblasts.
Glycolipid analysis
Brain tissue was homogenized in chloroform/methanol (1: 1). The extracted lipid fraction was dried under nitrogen, resuspended in distilled water, and desalted on Bond-Elut cartridges (Williams and McClure, 1980) . The desalted glycolipids were chromatographed on DEAE-Sephadex A-25 (Pharmacia) to separate neutral glycolipids from gangliosides (Ledeen and Eng, 1973) . The fraction containing neutral glycolipids was treated with 0.6 M methanolic NaOH for 1 hr at 20°C. neutralized with 0.5 M HCl, and desalted. Neutral glycolipids and gangliosides were separately chromatographed on aluminum high-performance thin-layer chromatograph plates (Merck) in chloroform/methanol/water, 60:35:8 (vol/vol), dried, and then dipped in 0.05% polyisobutyl methacrylate in hexane (Brockhaus et al., 198 1) . The plates were then soaked in PBS containing 1% BSA for 2 hr before exposure to anti-4D7 antibody for 2 hr at 4°C. After the plates were washed in PBS, they were reacted with peroxidase conjugated anti-mouse IgM for 2 hr at 4°C. The plates then were washed in PBS and reacted for 20 min with 33 mM 4-chloronaphthol in 0.02 M Tris-HCl buffer containing 20% methanol and 0.025% H,O,.
Tissue culture Cells were dissociated from the spinal cords and brain stems of E13-15 rat embryos by incubation in 0.025% trypsin and trituration. Cells were then plated on 35 mm plastic dishes precoated with laminin (20 &dish, Bethesda Research Laboratories). They were maintained in serum-free medium consisting of 50 ml of F12 and 43 ml of Earle's salt modified Eagle's medium. Additives included glucose (44 mM), penicillin/streptomycin (20 units/ml), glutamine (2.0 mM), selenium dioxide (30 nM), progesterone (20 nM), insulin (5 &ml), and putrescine dihydrochloride (100 PM). Note that a 60 kDa band present in blots of embryonic brain is also detectable in the control and adult blots.
Immunocytochemistry Tissue sections
Intact mouse or rat embryos were frozen in isopentane chilled by dry ice and sectioned by cryostat at 10 pm. The sections were thaw-mounted on gelatin-chrome alum-coated slides, air-dried, and stored at -20°C for subsequent immunocytochemical staining. Fixation with 2% paraformaldehyde for 5-10 min at room temperature produced the same staining pattern as unfixed tissue and was adopted as the method of fixation for the 4D7 antibody. For C2 antibody staining, only unfixed sections or sections fixed with acetone for 5 min at room temperature were used. After fixation, sections were washed with PBS (3 x 5 min) and incubated overnight at 4°C with 4D7 or C2 supematants. Following a wash with NGS-PBS (3 x 5 min), the sections were incubated for l-2 hr at room temperature with peroxidase conjugated anti-mouse IgM (Boehringer-Mannheim; 1:50 in NGS-PBS). They were then washed with PBS, and reacted for 20 min with 0.05% DAB and 0.002% H,O,. After washing with PBS, the DAB reaction product was intensified either with an exposure for 3-5 min to 0.0 1% 0~0, solution or with Gallyas' physical developer (Liposits et al., 1984) . Sections were then dehydrated in a series of alcohols, cleared in xylene, and coverslipped with Permount. Some of the sections were lightly counterstained with cresyl violet.
Primary tissue culture
For vital staining, cultures were exposed to the 4D7 antibody (purified IgM fraction, 1 mg/ml, diluted 1:40 in Hank's salt solution) at 37°C for 30 min. The cultures were washed with Hank's solution (3 x 5 min) Two days after plating on laminin-coated dish, the culture was incubated with 4D7 supernatant diluted 1: 1 with Hank's solution followed by fixation with acetone and ethanol (1: 1). a and b. Fluorescence and nhase views, respectively, of the same field. Arrows indicate corresponding neurites stained with 4D7 antibody; &riwheads indicate unstained neurites. Scale bar; 100 pm. and fixed within a 1: 1 solution of acetone and ethanol at -20°C for 5 min and washed with PBS. Following an incubation with fluorescein isothiocyanate (FITC) conjugated anti-mouse IgM (Boehringer-Mannheim; 1:50 in 1% NGS-PBS), some of the cultures were fixed with 2% paraformaldehyde before incubation with 4D7 antibody. The cultures were examined under epifluorescent and phase-contrast illumination.
Results

Antigen characterization
The 4D7 antigen has been assessed by glycolipid and protein immunoblotting of the mouse brain at E13, E15, E17, P6, P14, and adulthood and rat brain at E15-16 and adulthood. No immunoreactivity is observed in glycolipid blots. In Western blots of proteins from fetal mouse and rat brains, 3 distinct immunoreactive bands are present at 150-160, 100-l 10, and 80 kDa (Fig. la) . In postnatal mouse brain, these bands are observed only when cerebellar tissue is analyzed. In Western blots of adult mouse (Fig. lb, lane 2) and rat brain proteins, these bands are either not detected or exhibit very low levels of immunoreactivity. Besides these protein species recognized by 4D7 antibody, one other band is observed at about 60 kDa. Unlike the higher-molecular-weight bands, it is more consistently detected in blots of adult brain, and it also appears weakly on control blots processed only with 1% normal goat serum followed by the peroxidase-conjugated secondary antibody to mouse IgM (Fig. la, lane 3) . Control blots processed with an IgM monoclonal antibody recognizing only myoblasts also show only weak staining of a 60 kDa band. Thus, it is uncertain whether the 60 kDa species represents a specific antigen recognized by the 4D7 antibody.
The presence of protease inhibitors does not alter the pattern of immunoreactive bands in Western blots. Therefore, none of the polypeptides recognized by the 4D7 antibody is likely to correspond to products of proteolysis during processing.
Localization of antigen expression in cultured cells
In primary tissue culture prepared from E 13-l 5 rat spinal cord with vital immunostaining, a subpopulation of long and thin processes originating from neuron-like cells is labeled with 4D7 antibody (Fig. 2) . The somata show less intense staining. In cultures fixed with paraformaldehyde, a similar pattern of staining is observed. These results indicate that the epitope recognized by the 4D7 antibody is exposed on the outside of the membrane of net&es. Very rarely, a few of the flat cells are labeled with 4D7 antibody; however, 4D7-positive processes were not double-labeled following immunostaining of these cultures with antibody to the glial fibrillary acidic protein (GFAP).
Immunocytochemical localization of 407 antigen in the developing nervous system The temporospatial pattern of expression of the 4D7 antigen has been determined through immunocytochemistry on serial cryostat sections ofwhole mouse embryos at daily intervals from E9 to birth (PO) and of isolated brains at selected postnatal ages. In order to localize antigen expression in relation to axon systems, alternate sections were stained with the neurofilament antibody C2 (M. Yamamoto, H. Tanaka, and J. N. Wood, unpublished observations).
The most striking aspect of the in vivo expression of the 4D7 antigen is that, with few exceptions, its distribution is restricted to the sites of a limited number of PNS and CNS fiber tracts during the fetal period. Staining outside the nervous system is not detectable. Based on this general finding and the results in tissue culture, the antigens are designated SNAP. In the CNS and PNS regions that express SNAP immunoreactivity (Fig. 3) , the onset of detectable staining either coincides with or follows closely in time the appearance of neurofilament immunoreactivity at the same locations. The time course of loss of 4D7 staining varies greatly among the sites of SNAP expression, but most immunoreactivity is lost by birth (Fig. 3) . Thus, SNAP expression is associated with the early outgrowth of particular axonal systems. Details of the temporospatial pattern of SNAP expression are described in following sections on the spinal cord, cranial nerves, and brain.
Spinal cord
As illustrated schematically in Figure 3 , the time course of SNAP expression by neurons and axonal systems of the spinal cord and periphery follows a general progression from motoneurons to commissural intemeurons to dorsal root ganglion cells.
On E9, when neurofilament immunoreactivity is not detectable in the mouse spinal cord (Cochard and Paulin, 1984) , no 4D7 immunoreactivity is observed.
From El0 to El 1, immunostaining with the neurofilament antibody C2 (Fig. 4 , b, d, f) reveals that increasing numbers of motoneurons accumulate in the ventrolateral cord (cervical through thoracic levels) and project their axons through the ventral roots into somitic mesenchyme. In the same interval, the centrally directed processes of dorsal root ganglia (DRG) invade the dorsal horn, and their peripheral processes merge with ventral roots to form spinal nerves. The development of the commissural fiber system is also evident. C2-stained axons course ventrally along the lateral surface of the cord and then extend as fascicles between the lateral motor column and the germinal ventricular zones to cross in the ventral commissure (arrow in Fig. 4b ). This set of findings is consistent with previous anatomical studies on spinal cord development in the mouse using silver staining, Golgi staining, scanning electron microscopy (Holley, 1982; Holley et al., 1982a, b; Nomes and Carry, 1978; Sims and Vaughn, 1979; Wentworth, 1984a, b; Wentworth and Hinds, 1978) and immunocytochemistry with antineurofilament antibody (Cochard and Paulin, 1984) .
In contrast to C2 staining, striking transformations in the pattern of SNAP expression occur in the spinal cord between El0 and El 1. At ElO, the 4D7 antibody stains the motor neurons weakly and their axon tracts prominently, whereas the DRGs and their axon tracts are negative (Fig. 4 , a, c). The change in the distribution of 4D7 immunoreactivity by El 1 includes a complete loss of staining associated with motoneurons and ventral roots and an emergence of immunoreactivity in DRG nerve trunks and along the route occupied by commissural fibers (Fig.  4e ). Staining is particularly prominent at the dorsal root entry zones, apparently corresponding to the dorsal funiculus. Unlike the appearance of fiber fascicles delineated by C2 staining, 4D7 immunoreactivity in sensory and motor roots exhibits a meshlike or reticular pattern ( with axons rather than with migratory neurons that traverse this zone. The 4D7 staining of the central and peripheral processes of DRGs persists relatively unchanged from El 1 to E 13 and subsequently diminishes and disappears by E17. Staining of the commissural system with 4D7 diminishes sharply by El 2, is barely detectable on El 3, and is absent on E14.
At the sacral level of the spinal cord, the time course of C2 and 4D7 staining is delayed about 2 d with respect to more rostra1 levels, a result that probably reflects the delayed development of caudalmost spinal cord from the tailbud through "secondary neurulation" (Schoenwolf, 1984) .
SNAP expression is never associated with sympathetic ganglia and nerves or with parasympathetic neurons of the periphery, as located in sections immunostained with C2 (cf. Ayer- LeLievre et al., 1985) .
Cranial nerves Expression of SNAP is detectable in most cranial nerves starting at or shortly after the time of earliest axonal outgrowth detected by staining with the neurofilament antibody C2. Results will be presented first for trigeminal and optic cranial nerves, both of which showed relatively prolonged and intense expression of SNAP.
The entry of the trigeminal sensory root into the ventrolateral rhombencephalon is evident with C2-immunostaining on ElO, but 4D7 stains only the site of axon fascicles within the ventral periphery of the ganglion at this age (Fig. 5, a, b) . The root and the peripheral nerves throughout their extent show an increasing intensity of 4D7 immunoreactivity between E 11 and El 3 (Fig.  5, e, g ). SNAP expression is detectable in fine processes of the Vth nerve near the skin at El 3 (Fig. 5, g, h) and in the muzzle, apparently corresponding to small axon fascicles innervating vibrissae follicles at El4 (arrows in lower left of Fig. 6, a, b) . Subsequently, SNAP expression declines in the trigeminal system over a prolonged period extending through El 8.
In the primary visual system, weak 4D7 staining is first detected along the ventral periphery of the optic stalk on El 2 (Fig.  7a) , which corresponds to the site occupied by the first wave of C2-stained axon fascicles from the eye (Fig. 7b) (Edwards et al., 1986a) . By E13, when the leading front of fascicles has just crossed through the optic chiasm and additional fascicles have arrived in the ventral stalk (cf. Edwards et al., 1986a; Silver, 1984 ) the distribution of 4D7 and C2 staining corresponds closely (Fig. 7, c-f) . The 4D7 immunoreactivity, however, is meshlike and wispy in appearance compared to sharp delineation of axon fascicles revealed with C2 staining (Fig. 7, e, f) . Between El4 and PO, 4D7 staining persists in the stalk (optic nerve after El 5; e.g., arrowheads in Fig. 6, a, b ), but at each age immunoreactivity consistently declines below detectability within the optic tract between the chiasm and the ventrolateral geniculate nucleus (Fig. 7, g, h) . Also at each age sampled, 4D7 staining within the optic fiber layer of the retina, first evident on El3 (Fig. 7c ), diminishes sharply with distance from the optic disk region.
Three cranial nerves exhibit moderate degrees of staining with the 4D7 antibody. The facial motor root (VII) shows 4D7 immunoreactivity only on El 1 (Fig. 5c ) and E12. The onset of SNAP expression coincides with the day C2 staining is first observed in this system (Fig. 5d) . Portions of the central and t peripheral nerve trunks of the vagus (X) are stained with 4D7 from El 2 to E14, while weak staining within the ganglia is detectable only on El 2. By comparison, C2 staining is first detected in this system 1 d earlier (El 1). Finally, 4D7 staining delineates the route of olfactory axons between the olfactory epithelium and the olfactory bulb between E 13 and E 15. The primary olfactory axons, defined by staining with the C2 antibody, extend toward and invade the marginal zone of the bulb between El 1 and El 2 (i.e., l-2 d earlier), a finding consistent with results of previous studies (Hinds, 1972) . Somata of the olfactory neurons and the proximal and distal portions of the fiber trajectories within the epithelium and marginal layer of the olfactory bulb, respectively, do not show 4D7 immunoreactivity.
Other cranial nerves show very weak and brief SNAP expression (Fig. 3) . The oculomotor (III), hypoglossal (XII), and glossopharyngeal (IX) roots exhibit detectable 4D7 staining only on E 11. The acousticovestibular nerve (VIII) is negative at all ages (e.g., Fig. 5 , g, h) except in 1 of 3 cases prepared at El3 (silverintensified). The accessory (XI) and abducens (VI) motor roots could not be identified in the period from E 11 to E 13 but were observed to be negative for SNAP expression at El4 or older ages. The trochlear root (IV), identified starting on El 1 in C2-stained sections, consistently shows no detectable 4D7 immunoreactivity. However, considering the observation of 4D7 staining by all other identified cranial nerves, it is quite possible that a very brief period of SNAP expression in the trochlear nerve may have been missed.
Brain
Rhombencephulon On E 10, SNAP is expressed in the emerging intermediate zone (IZ) of the ventral rhombencephalon, a zone well delineated from the germinal ventricular zones by C2 immunostaining (Fig.  5, a, b) . By E13, when the IZ is much thicker, 4D7 staining occupies superficial and deep margins of the IZ (Fig. 5 , e, fl. As immunoreactivity is continuous across the midline, SNAP expression is inferred to be associated with a subset of commissural axon systems of the ventral rhombencephalon revealed by C2 staining (Fig. 5, b, d , fl. The 4D7 staining concentrated in the external layer of the lateral pons is also continuous with the entry zone of the trigeminal root and, in part, appears to correspond to the ascending and descending tract of V (Figs. 5, e, g; 6~) . Near the juncture of the pons with the midbrain tegmentum (Fig. Su, arrowheads) , this external pontine labeling merges with a line of clumps of 4D7 immunoreactivity, which probably constitute cells of the mesencephalic tract of V (Fig.  8b, arrow) .
SNAP expression occurs in the cerebellum in 2 intervals separated by a period of an absence of expression (Fig. 3) . The intermediate zone of the metencephalic plate shows barely detectable 4D7 immunoreactivity on E 11 and E 12. Such staining becomes prominent on E 13, when it occupies the outer half to two thirds of the IZ of the cerebellar anlage, as defined by C2 staining (Fig. 8) . The zone of immunoreactivity is continuous with the superficial pontine staining and, thus, could be associated with the developing trigeminocerebellar projection (either primary or secondary fibers). This projection has previously been inferred to be the source of the superficial rostrocaudally immunoreactivity in the root compared to motoneuronal somata (perimeter of cord indicated by a dotted line) and the differences in morphological appearance of staining compared with that produced by C2 antibody (d) . e andf; Coronal views of cervical cord on El 1. Compared to the broad distribution of C2 immunoreactivity, 4D7 selectively stains the peripheral and central processes (arrowheads) of DRG (stars), the dorsal root entry zone, and along the axonal trajectories of commissural intemeurons. The motoneuronal pool and ventral root (arrows) are negative with 4D7 antibody. Scale bars, 200 pm (a, b, e, fi and 50 pm (c, d) . Vol. 6, No. 12, Dec. 1986 oriented fiber system present in the mouse cerebellum at this stage of development (Tello, 1940) . Alternatively (or, in addition), the 4D7 immunoreactivity could be associated with deep nuclear neurons, proposed to occupy the superficial IZ initially and later become displaced from the cerebellar surface by migrating Purkinje cells (Altman and Bayer, 1985) . By E14, SNAP expression in the cerebellum is dramatically reduced (Fig. 6~) 
3583
Figure 6. Low-magnification views of 4D7 and C2 immunostaining in sag&al sections of the brain on E14. Rostra1 is to the left. Discrete C2-stained fiber tracts (b) that also show 4D7 immunoreactivity (a) include the fasciculus retroflexus (FR), fomix cfx), descending tract of V (tr V'), and the optic nerve (arrowhead). The 407 staining in the intermediate zones of the olfactory bulb (ob), superior colliculus (SC), neocortex (ctx) and hippocampus (hc) corresponds to particular axon-rich strata. Weak staining of the olfactory nerve and at the site of decussating axons in dorsorostral cerebellum (cb) is not detectable at this magnification. Note dense 4D7 staining along the peripheral process of the trigeminal ganglion (tg) and in fine trigeminal nerve fascicles innervating vibrissae follicles in the lower left (arrows). oe, olfactory epithelium. Scale bar, 500 Wm. and is weakly detected only at a superficial rostromedial site. At this time, Purkinje cells are still migrating and the external granular layer is just beginning to form (Miale and Sidman, 1961) .
Several days later, on PO, 4D7 immunoreactivity reappears in the deep one third to one half of the external granular layer. Such staining is still present on P6 (Fig. 9, a, c) but is absent t stain with 4D7 antibodv (e). The latter is continuous across the midline and corresponds to a subset of the commissural fiber tracts that stain with C2 (b). g and h, Sag& sections through the face and lateral rhombencephalon onE13. Rostra1 is to the left. The central and peripheral processes (V) of the trigeminal ganglion stain with both antibodies, but neuronal somata are negative with 4D7 antibody. Arrows indicate 4D7 and C2 immunoreactivity in the peripheral portion of the nerve. The acousticovestibular root (VIII), stained with C2 in h, is negative with 4D7 (g, noncounterstained section). Arrows indicate site of optic stalk. Scale bars, 100 pm (u-d), and 200 wrn (e-h). Vol. 6, No. 12, Dec. 1966 Figure 7. Immunocytochemical staining in the primary optic pathways. For each pair of micrographs, the section stained with 4D7 is on the left and with C2 on the right. a and b, Coronal sections through the eye and optic stalk (OS) on E12. CZ-stained axons arise only from dorsocentral retina as far as the asterisk (b) and extend along ventral optic stalk as far as its junction with ventral diencephalon. In a matched section from a different embryo (a), diffise 4D7 immunoreactivity is restricted to the ventral optic stalk. Arrows point to portions of an oculomotor nerve. c and d, Horizontal sections on El3 showing dense 4D7 staining along axon pathways in the optic disk and optic stalk and an absence of staining of much of the optic fiber layer occupied by C2-stained axons. Nasal retina is up. e andf; Enlarged sagittal views of the optic stalk halfway between the eye and brain. Immunoreactivity with 4D7 is concentrated in the ventral peripheral optic stalk (noncounterstained section) similar to C2-stained axon bundles but differs in its meshlike appearance. g and h, Coronal sections through diencephalon on E15. A sharp decrement in 4D7 staining occurs along the course of the postchiasmatic optic tract (arrow in g), whereas with C2 staining, the optic tract (ot) may be observed to extend over the lateral geniculate nuclei (Ign; dorsal and ventral indicated) and to reach the superior colliculus (SC). Scale bars, 100 pm (u-d), 10 pm (e, fi, and 200 pm (g, h). by P14. C2-stained axons become dense in the underlying "transitional molecular layer" (Altman, 1972) and sparse in the deeper cellular layers, but they are not detectable in the external granular layer (Fig. 9, b, d) . Thus, this site of SNAP expression is clearly dissociated from axonal systems.
Mesencephalon SNAP expression appears to be associated with a particular fiber stratum of the superior colliculus. Very weak 4D7 staining is present at the surface of the superior colliculus on El 1 and becomes more prominent in the emerging intermediate zone on El 2 and El 3 (Fig. 10, a, e) . At this time, its location correlates with that of a transversely oriented system of axon fascicles delineated by C2 staining (Fig. 1 Ob) . From E 14 to E 16, transversely oriented strands of weak 4D7 immunoreactivity are detectable at progressively deeper positions from the tectal surface (Figs. 6a, 10~ ). Correspondingly, a system of transversely oriented fiber fascicles stained by C2 comes to lie below strata containing rostrocaudally oriented fiber fascicles (Figs. 6b, 10d ). This transformation has been shown to reflect a precocious development of the deepest tectal stratum (stratum profundum) and its later displacement from the pial surface by the migration of cells that form the overlying layers (Edwards et al., 1986b) . The 4D7 immunoreactivity is associated only with the component of the fiber system in continuity with the lateral tegmentum (tectobulbar tract) and not with the component that courses ventromedially (predorsal bundle). SNAP expression in the superior colliculus becomes undetectable by E 17.
The inferior colliculus shows SNAP expression over the same interval as the superior colliculus. On E14, staining is particularly intense in a superficial portion of the IZ occupied by transversely oriented axon fascicles (Fig. 10 , e-g, see also Figs. 6, a, b and 8, a, c). In contrast to C2 staining, however, 4D7 immunoreactivity also occupies a broad portion of deeper IZ, some of which appears to correspond to neurons (Fig. 1Oj) . As the anlagen of the central nuclei develop first and are later displaced from an initially superficial position by cortical nuclear neurons (Repetto-Antoine and Meininger, 1982) , it is possible the SNAP expression is associated transiently with central nuclear neurons, as well as with their axon pathways within the inferior colliculus.
Diencephalon
The habenulopeduncular tract (fasciculus retroflexus) shows weak 4D7 staining on E12, when the tract is first detected by C2 immunoreactivity, and relatively dense staining from E 13 to El 7 (Figs. 6, a, b and 7 , g, h; see also Fig. 1 la, arrowhead) . Immunoreactivity is still observable on El 8 and PO but not on P3. In the late fetal period, weak and diffuse 4D7 immunoreactivity may be observed within the habenular complex. In addition to portions of the optic tract described above, the only other diencephalic sites of SNAP expression are the posterior commissure, detected on El 5 (Fig. 11, a, b , open arrowheads), and the fornix, detected on El4 (Fig. 6, a, b) . Immunoreactivity is too weak in these systems to make an adequate assessment of the time course of SNAP expression.
Telencephalon
The lateral olfactory tract shows a prolonged time course of SNAP expression similar to the fasciculus retroflexus and the optic nerve (El2-PO). The earliest detection of 4D7 immunoreactivity, E12, corresponds to the time that the tract is first identifiable in C2-stained sections. SNAP expression is confined to external portions of this tract (Fig. 12, c, d ). Within the olfactory bulb, staining in the mitral cell layer and along trajectories of the mitral cell axons proximal to the lateral olfactory tract is undetectable on E 12 and E 13 but is present from E 14 to El7 (Fig. 6~) . Immunoreactivity with 4D7 declines below detectability in distal portions of the tract as it approaches the amygdala and molecular layer of the piriform cortex (e.g., see Fig. 11 a) , projections shown by C2 staining as early as E 13 (see also Derer et al., 1977) .
The anterior commissure is another coherent fiber tract of the telencephalon that exhibits 4D7 immunoreactivity. Staining is first detectable on El 5, which is 1 d after it becomes evident with C2 staining (see also Wahlsten, 1982) . Only a small component of the tract exhibits 4D7 immunoreactivity, and staining diminishes below detectability proximal to its diverse olfactoryrelated target or source structures (Haberly and Price, 1978) . Immunoreactivity is lost between PO and P3.
The other major telencephalic site of expression of SNAP is the intermediate zone of the cerebral cortex and hippocampus. Weak 4D7 immunoreactivity in the IZ beneath the cortical plate is first detectable on El4 (Figs. 6a, 12c) , and staining attains maximal intensity in the period from El 5 to El 7 (Fig. 11, a,  c) . The development and loss of 4D7 immunoreactivity follows an overall lateral-to-medial progression, which reflects the overall ontogenetic gradient for neocortex, e.g., histogenesis (Smart and Smart, 1982) . Thus, 4D7 staining is greatest in the IZ of the lateral hemisphere on E 14, but from El 5 to El 7 is pro- Immunocytochemical staining in the neocortex and hippocampus on El 5. a and b, Low-power photomicrographs of transverse sections through diencephalic and cortical regions stained with 4D7 (a) and C2 (b) . Asterisks mark the lateral ventricles. Immunoreactivity with 4D7 occupies a continuous band extending from dorsolateral neocortex through the hippocampus. Also visibly positive are the habenulae at the origin of the fasciculus retroflexus (arrowhead), the posterior commissure (at dorsomedial brain surface), and the optic nerves (ovoid densities near the base of the hypothalamus). The skull, denoted by urrows, appears dark due to heavy absorption of the cresyl violet counterstain. c and d, Enlarged views of boxed areas shown in a and b. Immunoreactivity with 4D7 is concentrated in the central regions of the intermediate zone (ZZ), whereas C2-stained axons are most dense at the interface of the subplate (SB) with the IZ. CZ-stained fibers also course within the deep IZ and radially traverse the cortical plate (CP), regions with no detectable 4D7 staining. Scale bars, 500 Mm (a, b) and 50 pm (c, d).
gressively weaker laterally and stronger medially (Figs. 1 la,  12a) . By birth, only the IZ of the cingulate cortex and hippocampus exhibit immunoreactivity. No staining is detectable by P3.
As the IZ is a layer occupied by dense populations of afferent and efferent axons (Fig. 11, b, d , see also Crandall and Caviness, 1984) , SNAP expression is potentially associated with some of these fibers. That 4D7 immunoreactivity has a reticular morphological appearance different from the pattern of C2 staining (Fig. 11, c, d ). As in clearer examples of fiber tract staining, this does not in itself provide evidence against a localization to axons or their immediate environment. Consistent with an association with fiber systems, the dorsal portion of the corpus callosum exhibits prominent 4D7 immunoreactivity from El 6 (Fig. 12a) , the time of its first appearance with C2 staining (Fig. 12b) . Also, the internal capsule, which contains afferents and efferents from neocortex, stains weakly from El8 to PO. That the internal capsule is negative for several days after its formation around El3 (Tello, 1934 ) is consistent with the findings in other fiber systems that express SNAP only along certain portions of their Figure 12 . Restriction of 4D7 immunoreactivity to a subcomponent of 2 fiber tracts in the embryonic forebrain. Coronal sections stained with 4D7 and C2 antibodies are shown on the left and right, respectively. Asterisks mark the lateral ventricles. a and b, Dorsomedial cortex and corpus callosum on E16. The intermediate zone, which stains with both antibodies, is continuous with the corpus callosum. SmaN nrrows point to the dccussation of the callosum, where it is clear that 4D7 staining occupies only a superficial portion of the zone containing crossing fibers. c and d, Ventrolateral telencephalon on E14. Thick arrows point to the lateral olfactory tract, which exhibits 4D7 immunoreactivity only in an external portion of the bundle defined by C2 staining. The intermediate zone of piriforrn cortex also is positive with 4D7 (upper left), whereas the striatal anlage is negative (center). Scale bars, 100 pm.
trajectory. As another potential example of this phenomenon, the subplate and cortical plate show little 4D7 immunoreactivity, despite the presence ofdense populations of C2-stained axon fascicles in the subplate and radially oriented fibers traversing the cortical plate (Fig. 11, c, d ).
Despite these considerations, SNAP expression by migrating neurons that traverse the IZ (Caviness, 1982 ) cannot be ruled out as the locus of some or most of the 4D7 immunoreactivity present in this layer. Consistent with this possibility, observations in the neocortex of the homozygous reeler mutant mouse provide clear evidence of a partial dissociation of the distribution of SNAP expression and that of axons. SNAP expression is intense in a broader zone of the neocortical wall, the deep portion of which contains very few C2-stained axons (Fig. 13,  a, b) . Another result in the mutant is relevant to the issue of the selectivity of SNAP expression for fasciculated versus nonfasciculated axons. As well described for this mutant (e.g., PintoLord and Caviness, 1979) , C2 staining reveals that aberrant fascicles of axons cross the cortical plate in oblique trajectories. However, alternate sections stained with the 4D7 antibody show that these fascicles are not associated with SNAP expression.
Discussion
The monoclonal antibody 4D7 recognizes protein antigens (SNAP) that are expressed selectively in the developing nervous system. Immunoreactivity is concentrated at the sites of a limited number of axonal systems in the fetal and perinatal mouse brain. The general validity of and exceptions to this inference will be discussed first. Subsequently, comparisons with previously described developmentally regulated nervous system antigens will be made. Finally, the possible functions and regulation of SNAP expression will be considered.
Spatiotemporal patterns of SNAP expression SNAP expression associated with axonal systems In almost all sites of SNAP expression, the earliest detection of 4D7 immunoreactivity either coincides with or follows shortly (l-2 d) the earliest expression of neurofilament immunoreactivity observed at the same locations by immunocytochemical staining of alternate sections with the monoclonal antibody C2. Thus, SNAP expression is generally confined to regions of the nervous system in which postmitotic neurons are forming axon tracts. Whereas C2 stains fiber systems in the developing nervous system without any obvious selectivity (e.g., compare with results of Tello, 1934 , 1940 , and Windle and Baxter, 1936 , using classical silver stains), the distribution of 4D7 staining involves only a small subset of regions exhibiting neurofilament immunoreactivity. The schedules of appearance of 4D7 staining, like that for C2 staining, tend to follow general developmental gradients. For example, the expression of SNAP in the brain stem (ElO-11) prior to the forebrain (E12-13) and the lateralto-medial progression within the cortex reflect overall ontogenetic sequences of both histogenesis and neuronal differentiation (Gardette et al., 1982; Jacobson, 1978; Smart and Smart, 1982) .
SNAP expression is clearly localized within several developing axon tracts, including most, if not all, cranial nerves, the dorsal and ventral roots of the spinal cord, the ventral commissure and dorsal funiculus of the spinal cord, the lateral olfactory tract, the fasciculus retroflexus, the anterior commissure, the fomix, the posterior commissure, the ascending and descending tract of V, and the corpus callosum. In addition, the expression of SNAP in portions of the intermediate zones of the fetal spinal cord, ventral rhombencephalon, cerebellum, colliculi, neocortex, and hippocampus overlaps the distribution of axon systems stained with C2 and exhibits continuity with 4D7 staining in discrete tracts containing axons afferent and efferent to these layers. Some of the many discrete fiber tracts that stain with C2 but not with 4D7 include the cerebral peduncle, the stria medullaris, the mammillothalamic tract, the stria termin-alis, and the medial lemniscus. Selectivity is evident even within certain positive fiber systems. For example, only portions of the corpus callosum, lateral olfactory tract and anterior commissure are immunoreactive. Despite these findings and the clear staining of neurites in vitro, the absence of electron-microscopic observations precludes definitive attribution of transient 4D7 immunoreactivity to axonal membranes only. The meshlike morphological appearance of 4D7 immunoreactivity in many sites is consistent with the possibility that SNAP is also expressed by the extracellular matrix or by processes of non-neuronal cells that lie along axonal paths (e.g., Altman and Bayer, 1984; Silver et al., 1982; Tosney and Landmesser, 1985) .
A general feature of SNAP expression in the nervous system, both in vivo and in vitro, is that the intensity of immunoreactivity is weak or undetectable among the somata of origin of the axon systems associated with immunoreactivity. Whether this difference in distribution reflects differential localization of the proteins themselves or of antigenically distinct forms of the proteins is unclear at present. In addition to this differential antigen expression with respect to axons versus somata, intensity of 4D7 immunoreactivity often varies dramatically along the extent of axon tracts. A clear example is presented by the primary optic system. Relatively dense expression of SNAP occurs in the optic disk and stalk, but immunoreactivity declines below detectability both proximally within the optic fiber layer of the retina and distally within the optic tract. The contrast between the intense 4D7 staining in the cortical IZ and the very weak and/or brief staining at the sites of afferents or efferents to this layer within the internal capsule, subplate, and cortical plate may reflect a similar differential expression of SNAP along axon pathways. In several other systems, SNAP expression declines in intensity at the point at which large axon fascicles break up into smaller fascicles within target structures. For example, 4D7 immunoreactivity is never observed in the target structures of the fasciculus retroflexus, lateral olfactory tract, fomix, olfactory nerve, and anterior commissure. In contrast to the CNS, 4D7 staining of peripheral nerves shows immunoreactivity all along their course.
Although the onset of SNAP expression in diverse structures correlates with the time of axon tract formation, simple generalizations about the timing of loss of expression are difficult to make. Comparison of the duration of 4D7 immunoreactivity with respect to neuroectodermal origin yields no consistent pattern. For example, systems showing a prolonged period of SNAP expression (i.e., several days) include axon tracts deriving from the retina (neural plate derivative), from the trigeminal ganglion (largely a placodal derivative), and from spinal dorsal root ganglia (neural crest derivative) (LeDouarin, 1982) . Given that SNAP expression is brief (1 d) among nerves arising from spinal motoneurons and certain cranial motor nuclei-such as the facial, oculomotor and hypoglossal nuclei-it is possible that duration of expression is in some way related to sensory versus motor modality of the system. A clear exception, however, is presented by the acousticovestibular nerve, a sensory cranial nerve that shows weak SNAP expression for only 1 d or less. Despite these differences among systems in the timing of loss of SNAP expression, SNAP immunoreactivity disappears mostly prior to target innervation, myelination, and synaptogenesis, which are largely postnatal events (Jacobson, 1978; Jones, 1983) .
Evidence for SNAP expression not associated with axons Some of the SNAP immunoreactivity expressed in the intermediate zones of fetal CNS structures is conceivably not localized to growing axons or their immediate environment. As migrating neurons traverse these zones in transit from the germinal ventricular zones (Altman and Bayer, 1984; Caviness, 1982; Edwards et al., 1986b; Miale and Sidman, 1961; Nomes and Carry, 1978; Stanfield and Cowan, 1979) the possibility that at least some of the immunoreactivity observed is localized to these cells should be considered. This appears unlikely for the spinal cord and superior colliculus, structures in which the morphological appearance of 4D7 immunoreactivity takes the form of elongated strands resembling C2-stained axon fascicles of the commissural associational pathway in the cord (Holley, 1982; Wentworth, 1984b) and of the anlage of the stratum profundum of the deep colliculus (Edwards et al., 1986b) , respectively. However, such an exclusive localization to axon systems is not readily apparent in the intermediate zones of the ventral rhombencephalon, cerebellum, inferior colliculus, neocortex, and hippocampus.
Complete dissociation of SNAP expression from axonal systems is evident in at least 1 structure, the postnatal cerebellum. Following a late fetal period in which SNAP expression is absent in the cerebellum, 4D7 immunoreactivity reappears in the neonatal period within the deep portion of the external granular layer. This zone is occupied by premigratory granule cells and few, if any, axons (Altman, 1972; Miale and Sidman, 1961; Ramon y Cajal, 1909 -1911 .
Comparison with other stage-and region-specific antigens The 4D7 antibody recognizes 3 protein species of 150-l 60,l OO-110, and 80 kDa. As yet, it is not known whether they are glycoproteins, nor is it known whether the epitope recognized by the 4D7 antibody is a peptide or a carbohydrate structure. Of the diverse developmentally regulated antigens previously described, including a few that have molecular weights similar to 1 or more of the SNAP antigens, none exhibits the same spatiotemporal pattern of expression.
The glycoproteins neuron-glia cell adhesion molecules (Ng-CAM), neural cell adhesion molecule (N-CAM/D2/BSP2), Ll, and nerve growth factor-inducible large external glycoprotein (NILE) are considered to comprise an antigenically related family of cell adhesion molecules. Although antibodies to these molecules all recognize glycoproteins in the range of 180-230 kDa, 2 bind additionally to protein species similar in size to SNAP antigens: anti-Ng-CAM and -Ll recognize a 135-140 kDa species; anti-N-CAM recognizes a 120 kDa protein; and anti-N-CAM and -Ng-CAM recognize an 80 kDa species (Chuong et al., 1982; Faissner et al., 1984a, b; Him et al., 1983; Jorgensen et al., 1980; Salton et al., 1983b, Stallcup and Beasley, 1985b; Williams et al., 1985a) . Immunocytochemical studies with antibodies recognizing the glycoproteins NILE and Ng-CAM reveal an in vivo pattern of expression in rat and chick, respectively, that resembles SNAP in their association with axon systems around the time of neurofilament protein expression (Daniloff et al., 1986; Thiery et al., 1985; Stallcup et al., 1985) . Both antibodies, like 4D7 antibody, stain predominantly the plasma membrane of neurites from cultured neurons Salton et al., 1983a; Stallcup et al., 1985) . However, unlike our results on SNAP, NILE and Ng-CAM appear to be expressed in most axon systems and developmental reductions in their prevalence appear to occur postnatally. Also, immunoreactivity in some sites persists to maturity (e.g., PNS fiber systems and unmyelinated fiber tracts such as the olfactory nerve). Unlike the 4D7 antibody, antibodies to N-CAM stain diverse ectodermal and mesodermal derivative structures, including widespread regions of the developing nervous system (Chuong et al., 1982; Crossin et al., 1985; Edelman et al., 1983; Him et al., 1983; Rougon et al., 1982; Williams et al., 1985a, b) and both neurons and glia in tissue culture (Jorgensen et al., 1980; Noble et al., 1985; Williams et al., 1985a, b) . In comparison, an antibody recognizing only the large N-CAM species (Pollerberg et al., 1985) and antibodies to Ll (Faissner et al., 1984a, b; Fushiki and Schachner, 1986 ) more specifically stain layers of differentiating neurons in the fetal rodent CNS, yet again immunoreactivity is not clearly restricted to subsets of neurons, is not selectively concentrated in axon tracts, and is not transient. Despite the clear differences from SNAP in the patterns of expression of these antigens, it is nevertheless possible that the 4D7 antibody recognizes subtypes of the genetically related family of cell adhesion molecules.
Other antigens have been demonstrated to exhibit a relatively selective association with developing axons. An antibody generated against isolated growth-cone particles, which recognizes a 185-255 kDa sialoglycoprotein stains axonal membranes similar to NILE and Ng-CAM. Again, unlike the expression of SNAP, most axons appear to be immunoreactive in fetal brain and some staining persists to adulthooa. Another antigen of unknown molecular weight has been shown immunocytochemically to be expressed nonselectively among axon tracts of the chick spinal cord and periphery during or shortly after their formation and to be reduced to low levels in late embryogenesis (Fujita and Obata, 1984 ). An intracellular antigen of 180 kDa has been shown to exhibit a similar pattern of expression in the developing rat spinal cord (Hockfield and McKay, 1985) . In contrast, other antigens have been shown to be expressed in association with subsets of developing fiber systems in the chick spinal cord, 2 of which have molecular weights similar to SNAP species, 142 and 155 kDa (Tanaka and Obata, 1984) . However, expression persists in white matter at maturity. Another protein, also around 140 kDa, appears to occur selectively in axon-rich strata of the embryonic chick retina, the optic fiber, and inner plexiform layers, and to undergo a large developmental reduction in expression (Cole and Glaser, 1984) . By comparison, SNAP is expressed in the mouse retina very weakly in the optic fiber layer and not at all in the inner plexiform layer. Finally, a few proteins in mammalian and nonmammalian vertebrates have been shown to be shipped anterogradely by fast axonal transport at elevated rates during periods of axonal growth and at reduced rates after target innervation ("growth associated proteins," or GAPS) (Willard et al., 1985) . In comparison to the SNAP, the 2 most prominent GAPS (44 and 23-24 kDa) are smaller and undergo decreases in synthesis and transport relatively later (i.e., postnatal epoch in rabbits).
From the foregoing review, it is clear that the present demonstration of antigens transiently expressed in association with a restricted number of axonal systems during tract formation is unique in the vertebrate nervous system. The closest parallel to these findings comes from work in invertebrates demonstrating that subsets of axon fascicles in the embryo of Aplysia and the grasshopper are selectively associated with particular antigens (Goodman et al., 1984; McKay et al., 1984) .
Function and regulation of SNAP antigens
The localization and schedule of expression of the SNAP antigens conform to what might be expected for proteins that regulate axonal outgrowth in the pathways between afferent structures and target fields. This possibility is directly supported by preliminary studies demonstrating that the 4D7 antibody blocks neurite outgrowth by brain stem cells in vitro . The in vivo expression of SNAP along nerve trunks suggests a more likely role in promoting axon fasciculation rather than elongation per se. Evidence for the function of other axon-associated antigens in promoting axon fasciculation has been provided by perturbation of axon bundling patterns in vitro following introduction of antibodies to N-CAM, NILE, and Ll (Fischer et al., 1986; Jorgensen et al., 1980; Rutishauser and Edelman, 1980; Rutishauser et al., 1978 Rutishauser et al., , 1985 Stallcup and Beasley, 1985a) . Moreover, injection of antibodies to N-CAM (Fab's) into the embryonic chick eye disrupts orderly patterns of optic axon fasciculation (Thanos et al., 1984) and causes the axons to lose their association with the ventral marginal zone of the optic stalk (Silver and Rutishauser, 1984) . Similar experiments need to be done to assess whether SNAP also plays a role in fiber fasciculation.
The association of SNAP expression with only a few fiber systems may provide an important clue to its function. The SNAP antigens could potentially serve as a marker to direct advancing axons into and along the appropriate axon fascicles. Evidence for such an antigen-coded implementation of selective axon fasciculation has been presented for the grasshopper embryo (Goodman et al., 1984) .
The SNAP antigen located in the deep portions of the external granular layer of postnatal cerebellum and in the intermediate zone of fetal cerebral cortex may subserve a completely different function from SNAP associated more exclusively with axon systems. For example, it may be involved in the regulation of migration of the cells from these zones into the inner granular layer and cortical plate, respectively. In vitro studies have suggested such a role for the Ll antigen in the cerebellum, which is also expressed intensely in the inner portion of the external granular layer (Lindner et al., 1983) . The possibility of distinct functions for SNAP antigens raises the general question of whether the same or different members of the set of immunoreactive proteins are expressed at various sites in the nervous system.
The regulation of the loss of SNAP expression in development is an intriguing problem for future research. It is possible that the developmental loss of 4D7 staining reflects a change in antigenicity by posttranslational modification of the proteins. Alternatively, some form of interaction of axons with elements in their pathway or in their targets may shut off either the synthesis or axonal transport of SNAP. If so, variation in the timing of such interactive events among different axonal systems might account for the observed variation in the timing of loss of expression. Of relevance to this hypothesis, the transport of one set of GAPS, which resemble SNAP in their size range (110-140 kDa), shows a persistent elevation when the tectal target has been surgically ablated (Benowitz et al., 1983) . Experiments of this kind might fruitfully be applied to the similar question of whether reduction of SNAP expression is regulated by axontarget interactions.
